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INTRODUCTION
Tetravalent uranium [U(IV)] is a reducing agent that has potential application as a holding reductant in nuclear fuel reprocessing. In the presence of U(IV), plutonium is maintained as Pu(III), which is not extractable into the organic phase (tributylphosphate in n-paraffin). Use of U(IV) as the reductant avoids addition of foreign ions into the extraction system, which later will add to the waste volume. Details of the preparation of U(IV) salts by electrolytic reduction l and their usage in reprocessing applications 2 are discussed elsewhere.
The method that is currently in use for determination of U(IV) consists of a redox titration with ceric ammonium sulfate and ferroin indicator. 3 This method has the following limitations: 1) relatively large amounts of U(IV), and thus of radioactive sample, are needed; 2) Pu(III) is also oxidized by Ce(IV), so that only the total Pu(III) + U(IV) can be determined; 3) hydrazine, which is added as a stabilizer and nitrite scavenger, makes the end point somewhat indefinite; and 4) titration of U(IV) in the organic phase has a relatively slow end point.
The objective of the present work was to develop a simple procedure for colorimetric determination of U(IV) that would not have the limitations of the ceric titration. The work Was prompted by the report 4 that a highly colored complex is formed by U(IV), but not by U(VI) or Pu(III), with Arsenazo III (Ar) in strong. acid solution.
BACKGROUND
Arsenazo III, which has the structure forms highly colored complexes with many metal ions. Therefore, it finds use in many colorimetric methods. Although relatively non-selective at lower acidities, selectivity of Arsenazo III increases in strongly acid solutions (>4M) for a number of elements in their tetravalent state (U, Th, Zr, Hf, Pu, and Np, for example) that would otherwise be hydrolyzed. .Thus, in 4M HCI, determination of U(IV) in the presence of U(Vr) bec.omes feasible. Figure 1 shows the absorption spectra of the Ar reagent and of the U(IV) complex in the region of the absorption maximum of the complex. Although Ar reagent itself i,s highly colored (pink), its absorbance is minimal in the region of. maximum absorbance (660 to 670 nm) of the green-blue U(IV) complex. The molar extinction coefficient of the complex is about 100,000.
The 1:2 com~lex has a much higher extinction ~oefficient than the 1:1 complex.
Therefore, a large (e.g., 10-fold) excess of Arsenazo reagent is needed to ensure formation of the 1:2 complex.
The colored metal complex is relatively stable. However, oxidizing and strong reducing agents attsck the reagent and must be absent. In nitric acid systems, for example, addition of urea to scavenge nitrous acid is recommended. 6
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Wavelength, nm FIGURE 1. Absorption Spectra with Arsenazo III (4M Hel)
The essence of the detailed analytical procedure, given in the appendix, is addition of Ar reagent to aqueous U{IV) solution in 4M HCl, followed by determination of the absorbance of the colored complex at 663 nm. Determination of U{IV) in the organic phase (30% tributylphosphate in n-paraffin) involves prior extraction into 4M HCl that contains ascorbic acid. The color is stable more than 30 minutes. Occasional high blank values were encountered, perhaps a matter of technique. Consequently, water, rather than blank reagent, was used as the reference for the spectro-. photometric measurement.
Preparation of Ar reagent to ensure complete dissolution of the Ar crystals appears to be important for stable color formation. Initial experiments with freshly prepared solutions and/or solutions stronger than 0.05% Ar resulted in rapidly fading absorbances (within minutes) and in some cases in precipitation of the metal complex. As described in the appendix, a suitable 0.05% reagent was produced by prolonged stirring to dissolve the crystals followed by aging overnight and filtering.
A solution of uranyl nitrate that was standardized by a modified Davies-Gray 7 procedure served as the standard for the calibration curve (Figure 2 ). The U{VI) was quantitatively reduced to U{IV) in 4M HCl with metallic zinc and ascorbic acid. This reduction procedure can also be used for determination of total uranium. 
,.,.9 UnV) in 10 mL FIGURE 2. Standard Curve for Determination of U{IV)
with Arsenazo III Because Ar is a non-selective reagent, tetravalent thorium, plutonium, zirconium, hafnium, and neptunium constitute potential interferences. It was beyond the scope of this work to establish procedures to deal with interferences. However, zirconium can be masked with oxalate. 4 U(IV) could be determined in the presence of thorium as the difference between two determinations: 1) U(IV) + Th, on the untreated sample and 2) Th only, after oxidation of U(IV) to U(VI). Other selective oxidation schemes could be used to distinguish U(IV) from Pu(IV), or to determine U(IV) in the presence of other oxidizable or reducible metal ions.
RESULTS
A typical calibration curve is shown in Figure 2 . The concentration is 0 to 20 ~g of U(IV) in the 10-mL volume used. Precision diminishes at higher uranium concentrations. A linear least squares fit of the data gives a reagent blank of about 0.03 absorbance units.
The procedure was demonstrated with three solutions of uranium (IV) nitrate prepared by the electrolytic process. 1 These solutions contained about 1M HN03 and 0.2M hydrazine. The time between U(IV) preparation and these analyses ranged from less than 3 weeks to 19 months. Table 1 compares the results from U(IV) determinations by the colorimetric method and by titration with ceric ammonium sulfate. 3 The exact end point in the titration was difficult to establish because of fading, probably caused by hydrazine or other reducing agents in the sample solutions. The fading end point was most troublesome in the oldest sample. Because of this problem, the accuracy of the titration values is open to question. Despite this uncertainty, values obtained with the two methods agree satisfactorily. Table 2 illustrates recovery of U(IV) from the organic phase. The organic solution was prepared by quantitatively extracting U(IV) from an aliquot of Sample 1 (Table 1) , through successive extractions with 30% tributylphosphate in n-paraffin. This organic solution was diluted to a known volume; then an aliquot was back-extracted into 4M HCl that contained ascorbic acid to stabilize the U(IV). Table 2 shows that a single extraction of the aliquot with 3 mL of 4M HCl was generally sufficient to remove the U(IV). The absorbance of the second extraction was in the region of the reagent blank. Direct formation of the colored complex in the organic phase was not investigated. -12 - 2. Hydrogen gas is evolved.
3. If gas evolution diminishes or ceases, add more Zn.
The ascorbic acid main-
tains a reducing environment for the U(IV).
5. Use a transfer pipet; rinse the vial twice with 4M HCI. (Gas evolution will increase when fresh acid is added.) 9. Color is stable for )30 minutes.
10
. A reasonably straight line should be obtained: typical calibration curve is shown in Figure 2 .
